Abstract: Driving the wrong way on motorways has been a nagging traffic safety problem all over the world. In order to reduce wrong-way driving incidents and crashes, roadside wrong-way warning systems applying advanced ITS (intelligent transportation systems) technologies have been adopted and deployed for the first time at 24 rest areas on motorways in Japan since 2008. The systems are used to detect wrong-way vehicles and warn the drivers of their wrong-way driving at the off-ramps to the rest areas. This paper describes an evaluation of the roadside wrong-way warning systems with four different types of sensors from the viewpoint of detection accuracy and effectiveness in preventing wrong-way driving. The sensing technology includes microwave Doppler radar, ultrasonic sensor, photoelectric sensor and video image processing technology.
Introduction
 Drivers who make wrong-way entries onto motorways or other access-controlled highways pose a serious risk to the safety of themselves and other motorists. Wrong-way driving often leads to severe head-on crashes on motorways. Wrong-way crashes are relatively infrequent, but they are more likely to cause fatalities and serious injuries compared with other types of motorway crashes. Driving the wrong way on motorways has been a nagging traffic safety problem all over the world. Although some engineering efforts have been made and measures taken to reduce wrong-way driving and related crashes, the problem persists partly because most wrong-way driving incidents that have not resulted in crashes were not reported, and thus, wrong-way crash data is very limited for analysis.
Most studies have analyzed wrong-way crashes that had occurred in the United States and some European countries [1] [2] [3] [4] [5] [6] . Few studies, however, have been conducted to uncover the characteristics of Corresponding author: Jian Xing, Dr., research fields: traffic, transportation engineering and ITS (intelligent transportation systems).
wrong-way crashes that occurred on motorways in Japan [7, 8] .
According to the author's preceding study [7] , more than 900 wrong-way incidents were reported to occur annually on entire inter-city motorway network in Japan between 2005 and 2009, and of them, nearly 3%, or nearly 30 incidents, ended in crashes. And of the total 133 wrong-way crashes that occurred in the five years, half (67 crashes) involved casualties and 15% (20 crashes) resulted in fatal accidents, each being much higher when compared with all types of crashes with 13% for crashes causing death and injury and 0.5% for fatal crashes. Looking into the origination of wrong-way driving, nearly 40% of vehicles in wrong-way crashes took U-turns on the mainline, followed by 20% entering the wrong way at interchanges after passing the tollgate, 18% before passing the tollgate, and 12% at rest areas. Wrong entries and suspected dementia were the two main contributing factors for wrong-way crashes, each accounting for nearly 30% of the total number of crashes.
In order to reduce wrong-way driving incidents and wrong-way crashes on motorways in Japan, conventional highway traffic control devices such as "DO NOT ENTER" signs, pavement arrow markings, other wrong-way warning signboards and rubber post partial dividers have been applied on ramps at interchanges, junctions and rest areas, which have also been taken in others countries [1-4, 9, 10] . In addition, three types of wrong-way warning systems applying advanced ITS (intelligent transportation systems) technologies have been adopted and deployed recently [7, 8] . They are the roadside wrong-way warning system with different types of sensors, autonomous wrong-way driving alert system using GPS (global positioning system) and digital map, and wrong-way warning system with road-to-vehicle communications such as DSRC (dedicated short-range communications).
This paper describes an evaluation of the roadside wrong-way warning systems with different types of sensors that were applied for the first time in 2008 at 24 rest areas on motorways in Japan, from the viewpoint of detection accuracy and effectiveness in preventing wrong-way driving. The sensing technology includes microwave Doppler radar, ultrasonic sensor, photoelectric sensor and video image processing technology.
Outline of the Roadside Wrong-Way Warning Systems
As a pilot project, several roadside wrong-way warning systems with different types of sensing technology were implemented as a first trial in Japan at the off-ramps of 24 rest areas on Japanese motorways in 2008. They are large-scale applications so far compared to the similar ones conducted in other countries [1-4, 11, 12] . The system consists of sensors for detecting wrong-way vehicles, a roadside VMS (variable message sign) or signboard displaying messages such as "Wrong way!" or "Stop!" or "Do not enter!", and flashing lights or rotating lamps or even speakers to attract the driver's attention (Fig. 1) . The systems are used to detect wrong-way vehicles and warn the drivers of their wrong-way driving at the off-ramps to the rest areas. Once the system detects a vehicle going the wrong way, it will also activate a video system and record the incident one minute each before and after the detection of wrong-way vehicle. The system automatically outputs the number of wrong-way vehicles and the two-minute video images of each wrong-way vehicle detected. The two-minute video images are later used to check if the detection of wrong-way driving is correct or not, and whether the wrong-way vehicle stopped going the wrong way and turned back to the rest area in response to the warnings from the roadside wrong-way warning system. These data are used to examine the detection accuracy and prevention effect of the system. Table 1 describes the characteristics of the roadside wrong-way warning systems with four different types of sensors which were installed at 24 rest areas on motorways across Japan. The sensing technology includes microwave Doppler radar, ultrasonic sensor, photoelectric sensor and video image processing technology. The ultrasonic and photoelectric sensors detect wrong-way vehicles from the time the vehicles Table 2 shows the number of locations of the roadside wrong-way warning systems of each sensor type. Ultrasonic and photoelectric sensors were used each at three locations. Microwave Doppler sensor was applied at 12 locations and video image processing sensor at seven locations. All these systems were installed near the end of the off-ramp, so as to prevent the vehicles from entering the off-ramp from the rest area.
Evaluation of the Roadside Wrong-Way Warning Systems

Data Analysis
The data collected for evaluation is also shown in Table 2 for each type of sensor. The duration varies from 23 to 32 months depending on the time of system installment. The data comes from the output of the roadside wrong-way warning systems. It includes total traffic volume, number of wrong-way vehicles, the date and time the vehicles were detected going the wrong way. Once detected, two-minute video recordings, i.e., one minute each before and after the detection of wrong-way driving, are made. By checking the video recordings, it can be found out whether the detection is right or wrong. In addition, one can also judge if a vehicle going the wrong way stops, turns, and goes back the right way to the rest area, which means the system prevented wrong-way driving as expected. These data are used to calculate the following indices that are used to examine the detection accuracy and prevention effect of wrong-way driving by the systems:
 average number of vehicles detected of going the wrong way per month;
 average number of vehicles prevented from going the wrong way per month;
 wrong detection rate (average number of error detections of wrong-way driving per month);
 occurrence rate of wrong-way driving (average number of vehicles going the wrong way per month);
 prevention rate of wrong-way driving (number of vehicles prevented by the system from going the wrong way divided by number of vehicles going the wrong way).  An off-ramp diverges at the end to different parking areas for passenger cars and heavy vehicles/motorcycles at the multistoried island rest area (No. 8);
Wrong-Way Driving Incidents
 An exit ramp diverges from the off-ramp where some vehicles take the risk of going the wrong way and head to the exit or gas station through the off-ramp, after resting at the rest area (No. 10, 17-1, 17-2, 18 and 22);
 The on-ramp is located near the off-ramp or an ETC (electronic toll collection) exclusive exit and they are on the same side of a rest area (No. 3, 5, 9, 10, 14, 19 and 21);
 The location of the on-and off-ramps is irregular, and the access to the on-ramp can not be easily found by drivers (No. 13, 23 and 24). Fig. 2 shows the plan view of the three locations, i.e., No. 8, 22 and 19, where the wrong-way occurrence rate is high. Table 4 shows the wrong detection rate, the objects that may cause wrong detection and the actions that have been taken to improve detection by each sensor type. It can be seen from Table 4 that except for the ultrasonic sensor, which demonstrated a very low initial wrong detection rate, other three types of sensors (microwave Doppler, image processing and photoelectric) all showed a much higher wrong detection The on-and off-ramps are located near and on the same side of the rest area. Some vehicles take the risk of driving the wrong way to a gas station located in the middle of the off-ramp after resting at the rest area An exit ramp diverges from the off-ramp to the rest area where some vehicles take the risk of driving the wrong way to the exit through the off-ramp after resting at the rest area After careful field adjustment, the final wrong detection rate for each sensor type decreased very much, to less than 10 wrong detections per month. The objects that may have caused wrong detections for microwave Doppler sensor were mainly vehicles parked on shoulders and signboards, and the actions taken to lower the number of wrong detections were adjustments of beam angle and detection area, or even replacing the sensors with those that have functions to adjust the detection range. For image processing sensor, the objects causing wrong detection were lights such as sunlight, vehicle headlights, and the reflection of headlight and road lighting on wet road surfaces, and snow, and it was needed to adjust the camera angle and/or detection area to reduce the wrong detections. For photoelectric sensor, pedestrians were the main cause of wrong detections and the action taken was to modify sensor spacing to correct wrong detections. The system developer M-4 of microwave Doppler sensor has not conducted a field adjustment because of some other reason, and thus was not considered in the evaluation of detection accuracy. It can be seen that in order to reduce the wrong detection rate, for each sensor type, one needs to carefully adjust the sensor angle and detection area, etc., at the phase of installment and also to re-adjust the sensors to improve their detection accuracy.
Evaluation of Roadside Wrong-Way Warning Systems with Different Types of Sensors
From the results of field trials in the study, Table 5 summarizes the detection accuracy, the objects that tend to cause wrong detections, possible actions that can be taken to improve detection accuracy as well as main features of each sensor type. The detection accuracy after fine adjustments in the field ranks highest for ultrasonic sensor with an average wrong detection rate of 0.0 per month with a range of 0.0~0.1, and the second place is for microwave Doppler sensor at 0.4 (0.0~1.7), followed by image processing sensor at 6.5 (2.8~19.0) and photoelectric sensor at 8.8 (5.1~11.3). Each sensor type has their weak points, but actions can be taken to lower the number of detection errors as shown in the Table 5 . In addition, no fine adjustments were made in the study for bad weather conditions such as heavy rain, snow, strong wind, and insects and animals. It should be noted that the accuracy of detection was not compared through controlled experiments here in this study.
Each sensor type was installed at different sites by different system developers. Therefore, in order to accurately compare the detection accuracy for each sensor type, it is recommended that each sensor type be employed at the same site for a sufficient period.
Prevention Effect of the Roadside Wrong-Way Warning Systems
The effectiveness of the roadside wrong-way warning systems on preventing wrong-way driving is evaluated in the study by using the prevention rate of wrong-way driving which is defined as the number of vehicles prevented by the system from going the wrong way divided by the number of vehicles going the wrong way. The effectiveness is judged from the one minute video recordings of a car driving the wrong way and returning back to the rest area, which were recorded after detection activated the system. If a car driving the wrong way returns back to the rest area taking more than one minute after detection, it is not counted as a prevented wrong-way driving because it can not be told from the data collected if the car went back or just continued to go the wrong way. Table 6 shows the prevention effect of the roadside wrong-way warning systems for altogether 16 locations where more than nine wrong-way vehicles were correctly detected by the systems in around 23~32 months. It describes the details of the systems such as sensor type, warning messages and display media (VMS or static signboard), and the distance between the sensor and display media, as well as the wrong-way occurrence rate and prevention rate per month. It is seen from Table 6 that the prevention effect varied greatly from 0% to 100%, and, of the 16 locations, six systems yielded high prevention effect of more than 80% while seven systems had much lower effect of less than 20%. Even for the same system developed by the same maker with the same sensor type, a completely different prevention effect is achieved at sites such as No. 22, No. 23 and No. 24. This means that in addition to the accuracy of the systems themselves, the prevention effect depends on site conditions where the systems are installed and periodical adjustment. Among the seven sites with a low prevention effect, it was difficult to achieve the desired prevention effect just by using the warning systems at the three lowest sites (No. 10, 17-2 and 22) and the fifth lowest site (No. 17-1) where an exit ramp diverges from the off-ramp, because many drivers were probably willing to take the risk of driving the wrong way to the exit through the off-ramp after resting at the rest area, ignoring the warning from the system. In such cases, enforcement should be carried out to prevent wrong-way driving that is done intentionally by drivers. Table 7 is a summary of the overall evaluation of the roadside wrong-way warning systems with different types of sensors (ultrasonic/microwave Doppler/image processing/photoelectric) based on the evaluation results carried out in the study. Some of the performance indices are obtained from hearings of the system developers, and therefore, could be subjective to a certain extent. Among the four sensor types, ultrasonic and microwave Doppler sensors yield a much lower wrong detection rate than image processing An exit ramp diverges from the off-ramp where many vehicles risk driving the wrong way to the exit through the off-ramp after resting at the rest area and photoelectric sensors. On the contrary, image processing and photoelectric sensors demonstrate a high effect on the prevention of wrong-way driving and ultrasonic sensor seems also satisfactory. Microwave Doppler sensor, however, does not show a stable prevention effect. In terms of cost, the photoelectric sensor is much cheaper compared to the other three. It is difficult, however, for ultrasonic and microwave Doppler sensors to be applied for multi-lane sections on motorways. There seems to be no distinct difference in durability. All the systems, whichever sensor type is applied, need periodical inspection and fine adjustment in order to keep the high performance of the systems. It is found from the evaluation results that wrong-way driving incidents occur because:
Overall Evaluation of the Roadside Wrong-Way Warning Systems
Conclusions
 An exit or another off-ramp diverges from an off-ramp before entering the rest area so that some drivers dare to take the risk of driving the wrong way to the exit on the off-ramp after resting at the rest area;
 The on-ramp is located near the off-ramp or an ETC exclusive exit and they are on the same side of the rest area;
 Access to the on-ramp can not be easily found because drivers are not familiar with the locations of the on-and off-ramps.
The detection accuracy ranks the highest for ultrasonic and microwave Doppler sensors. Image processing and photoelectric sensors demonstrate a high effect to prevent wrong-way driving. The ultrasonic sensor seems to be satisfactory in the prevention of wrong-way driving. The microwave Doppler sensor, however, does not seem to show a stable prevention effect. In order to improve the detection error rate, it is important that the sensor angle, detection area, etc., for each sensor type should be carefully adjusted at installment and also be re-adjusted periodically to improve their detection accuracy. The roadside wrong-way warning systems are only effective for unintentional wrong-way driving.
For intentional wrong-way driving, however, enforcement is recommended to stop such acts. Considering Japanese severe aging society now and in the near future, wrong-way warning systems that apply advanced ITS technologies are important to alert drivers and to effectively prevent wrong-way driving on auto-only highways and motorways. In this respect, the roadside wrong-way warning systems described and evaluated in the study need to be improved in terms of detection accuracy and prevention effect. Development of sensors with high accuracy is crucial and inevitable.
